ABSTRACT In order to improve the channel capacity, waves carrying orbital angular momentum (OAM) in communication systems have attracted much attention. A two-OAM-mode antenna system, which works at 2.4 GHz, is proposed in this paper. And a signal transmission experiment is performed based on a pair of the proposed antenna systems. The proposed antenna system, which has the planar structure, is composed of two patch antenna arrays, two feeding networks, and one common ground plane. Then, reflection coefficients, transmission coefficients, radiation patterns, and phase distributions of the proposed antenna system are measured, and the measurement results verify the effectiveness of this antenna system in generating two OAM modes (OAM mode 1 and OAM mode 2). The measurement results are in good agreement with the simulation results. Then, the signal transmission system is built based on a pair of the proposed antenna systems. Isolation between the OAM mode 1 transceiver channel and the OAM mode 2 transceiver channel is more than 20 dB. Video signals modulated by filter bank multicarrier are de-modulated simultaneously at the receiving terminal. It means that the two-OAM-mode antenna system has the potential to enhance the channel capacity.
I. INTRODUCTION
Orbital angular momentum (OAM) is one of the basic physical properties of electromagnetic (EM) waves [1] , where EM waves have a phase factor of e ilϕ , and l is called OAM mode. OAM waves have spiral wave fronts along the propagation direction [2] . In addition, OAM waves with different OAM modes are orthogonal to each other [3] and this makes OAM has huge potential in transmitting different OAM modes at the same frequency band. OAM has attracted attention of researchers after Allen et al. [4] demonstrated Laguerre Gaussian (LG) spiral light waves can carry OAM. In 2007, OAM waves in EM field have been realized by simulation for the first time in [5] . Since then, many approaches have been proposed to generate OAM waves, such as: reflecting surface approach in [6] and [7] , transmission spiral surface in [8] , transmission grating structure in [9] and phased antenna array in [10] - [13] . Waves carrying OAM have been employed in many different fields, such as wireless communications [14] - [16] , quantum state manipulation [17] and electromagnetic vortex imaging [18] , [19] . Among these applications, improving channel capacity by OAM waves in wireless communications has attracted extensive attention.
There are many discussions on relationship between other space-division multiplexing and OAM communication methods [20] - [24] . Researchers think that both multiple-inputmultiple-output (MIMO) and OAM can improve channel capacity, and OAM can be regarded as a particular implementation of MIMO communications [20] , [22] . In the reference [24] , OAM has been seen as a subset of MIMO in communication systems. And OAM has been considered a particular basis choice in communications in [23] . Nevertheless, Tamburini et al. [21] have confirmed that OAM is a new EM rotational degree of freedom and can be employed in a new physical layer radio communications. Communications based on OAM need less signal processing complexity compared with MIMO technology [25] , so OAM technology is worth further study and discussion [26] . Thus, OAM needs more research on both theory and practice. To make OAM technology useful in wireless communication systems, it is desirable to design antennas with multiple OAM modes. A dual OAM modes (l = 3, −3) antenna, based on the method of traveling-wave loop antenna, is proposed to transmit different messages at 60 GHz [16] . A multiplexed three OAM modes (l = −1, 0, 1) antenna, composed of an openended rectangular waveguide matrix feed, an OAM mode mux and a Cassegrain dual-reflector, is presented in [27] . This Cassegrain reflector antenna works at 18 GHz. These two antennas, which have the structure of cavity and work at high microwave frequency band, are effective to produce multiple OAM modes.
In order to satisfy the channel capacity's requirement in lower wireless communication frequency band, a planar antenna system is proposed to generate OAM mode 1 and OAM mode 2 at 2.4 GHz in this paper. The antenna system is based on the method of phased patch antenna array. Though the communication efficiency is higher when circularly polarized antenna elements are adopted, a high alignment accuracy between transmitting antenna and receiving antenna is required [28] . The main point of this paper is to verify the feasibility of signal transmission experiment based on OAM waves. Therefore, considering the alignment accuracy, we use linearly polarized antenna elements. In the future, we will also carry out experiments based on circularly polarized antennas as shown in [28] . And the proposed antenna system has the advantages of simple structure, low cost and easy to integrate more OAM modes. In addition, multiple signals carried by OAM mode 1 and OAM mode 2 can be simultaneously transmitted using a single pair of transmitter/receiver antenna system. PCB of the proposed antenna system is designed and basic characteristics of the fabricated antenna system are measured. A signal transmission experiment by a pair of two-OAM-mode antenna systems is then carried out. The experiment results demonstrate that the proposed antenna system can transmit two signals at the same frequency band simultaneously. Compared with patch antennas in [29] and [30] , the proposed antenna system can generate two OAM modes. And the complexity of the proposed antenna system is lower than that of patch antennas in [31] and [32] . Video signal transmission in [33] is based on a dipole antenna array with a three-dimensional structure and this transceiver system is more complex than our antenna system. All presented works in [29] - [33] do huge contributions to the development of OAM technology and they are instructive for our work proposed in this paper.
The paper is organized as follows. Section II designs the proposed antenna system. Then, measurement of basic characteristics of the proposed antenna system has been done in Section III. Moreover, a signal transmission experiment based on the proposed antenna system is introduced in Section IV. Finally, Section V gives the conclusion of this paper.
II. DESIGN OF THE TWO-OAM-MODE ANTENNA SYSTEM
According to Thidé et al. [5] , a circular antenna array can generate OAM waves when the antenna array is connected to phased excitations. The proposed two-OAM-mode antenna system is based on the method of circular phased antenna array. The geometry of the proposed antenna system is shown in Fig. 1 . Two eight-element patch antenna arrays are placed in two concentric circles uniformly on the substrate as shown in Fig. 1 (a). The antenna array and feeding network of OAM mode 1 are located on layer 1. The antenna array and feeding network of OAM mode 2 are placed on layer 1 and layer 3, respectively (as shown in Fig. 1(b) ). The common ground plane is placed on layer 2 of the PCB as shown in Fig. 1(c) .
The feeding networks are constructed by T type junction power distributors and microstrip lines. The feeding network of OAM mode 1 produces a successive phase delay of 45 degrees, which is obtained by length difference λ/8 of microstrip lines. And the feeding network of OAM mode 2 generates a successive phase delay of 90 degrees, which is obtained by length difference λ/4 of microstrip lines. The common ground plane has the same shape with the substrates, which are made of FR4 with a thickness of 1 mm. The size of the proposed antenna system is 30cm×30cm. OAM mode 1 and OAM mode 2 will be generated when input port 1 and input port 2 are fed. The antenna system is designed at 2.4 GHz to generate OAM mode 1 and OAM mode 2. The simulation work is done in CST Microwave Studio. The fabricated antenna system is shown in Fig. 2 . The antenna array of OAM mode 1 is directly connected with the feeding network of OAM mode 1, while the antenna array of OAM mode 2 is fed by feeding network of OAM mode 2 through via holes.
III. VERIFICATION OF THE TWO-OAM-MODE ANTENNA SYSTEM
In this section, reflection coefficients, phase distributions, and radiation patterns of the two-OAM-mode antenna system are simulated and tested.
A. REFLECTION COEFFICIENT SIMULATION AND TEST
Reflection coefficients (S 11 and S 22 ) need to be tested firstly to verify the working frequency of the proposed antenna system. The S parameters are tested by vector network analyzer (VNA). Reflection coefficients of input port 1 and input port 2 are measured at the frequency band of 2-2.8 GHz (as shown in Fig. 3 ). The black solid line and the green dash dot line are measured S 11 and simulated S 11 of input port 1, respectively. The blue dotted line and the red dashed line are the measured S 22 and simulated S 22 of input port 2, respectively. It can be seen that the simulated S 11 and S 22 are smaller than −10dB within frequency band of 2.25-2.4 GHz, which means the two-OAM-mode antenna system has a higher radiation efficiency. And the measured S 11 and S 22 are relatively small within frequency band of 2.26-2.35 GHz, which means the fabricated antenna system can work at the frequency band of 2.26-2.35 GHz. The fabricated and measured errors cause differences between simulated and measured reflection coefficients. According to the measurement results of reflection coefficients, all other parameters of the proposed antenna system are measured at 2.3 GHz.
B. PHASE DISTRIBUTION SIMULATION AND TEST
In order to verify the proposed antenna system's effectiveness in generating OAM mode 1 and OAM mode 2, phase distributions are measured. As shown in Fig. 4 , a monopole antenna probe is placed above the proposed antenna system. The monopole probe antenna will receive component of electric field (E-field) parallel to itself, so y component of the E-field is tested in this paper. The scale of test plane, which is parallel to the proposed antenna system, is 30cm×30cm and the test plane is 15 cm far away from the two-OAM-mode antenna system. The probe antenna moves along this plane by a step of 1 cm, which can be controlled by a computer. Both imaginary part (E I ) and real part (E R ) of the E-field are tested by a VNA and recorded by a computer at each point. From the test results, phases of 900 points can be calculated (ϕ = arctan(E I /E R )) and drawn by Matlab. From Fig. 5 , it can be seen that the simulation results and measurement results of phase distributions of OAM mode 1 and OAM mode 2 are in good agreement. A conclusion can be drawn that the proposed antenna system has the capability of generating two OAM modes.
C. RADIATION PATTERN SIMULATION AND TEST
Measurement setup of radiation patterns are shown in Fig. 6 . The radiation patterns of OAM mode 1 and OAM mode 2 are tested by a horn antenna, which works as the receiving antenna. When the proposed antenna system rotates 360 degrees around the rotation axis, the horn antenna can receive powers radiated by the transmitting antenna in the 4162 VOLUME 7, 2019 whole plane. Then the radiation pattern of the radiated OAM mode can be measured. Fig. 7 (a) and Fig. 7 (b) are simulation and measurement results of normalized radiation patterns for OAM mode 1 and OAM mode 2, respectively. The simulation and measurement results of the radiation patterns are in good agreement. It is clear that radiation pattern of OAM mode 1 has no sidelobes, as shown in Fig. 7 (a) . But in Fig. 7 (b) , there are some low sidelobes in radiation pattern of OAM mode 2. It is caused by the radiation of the feeding network of OAM mode 2, which is placed on layer 3.
IV. SIGNAL TRANSMISSION MEASUREMENT
Signal transmission is based on a pair of two-OAM-mode antenna systems. Isolation between two OAM mode channels is tested firstly. Then, video signals are transmitted and received by the proposed antenna systems.
A. CHANNEL ISOLATION MEASUREMENT
In order to transmit signals using the proposed antenna system, the transceiver system based on a pair of two-OAM-mode antenna systems is built. Thus, the isolation between OAM mode 1 channel (transceiver channel of OAM mode 1 to OAM mode 1) and OAM mode 2 channel (transceiver channel of OAM mode 2 to OAM mode 2) should be measured firstly. Two proposed antenna systems are placed face to face 20 cm apart. One proposed antenna system works as the transmitting antenna, and the other antenna system works as the receiving antenna. The transmitting antenna is excited by a radio frequency signal generator with the power of 10 dBm and a spectrum analyzer is used to process the signals received by the receiving antenna. The isolation measurement results are displayed in Fig. 8(a) and Fig. 8(b) . Fig. 8(a) the black dash line represents the received signal intensity transmitted by OAM mode 2. The measurement results show that the signal intensity difference between them is 25.69 dB. Fig. 8(b) displays the measurement results of signals received by OAM mode 2 and transmitted by OAM mode 1 and OAM mode 2, respectively. The signal intensity difference is 21.09 dB. These experiment results have demonstrated that the isolation between these two channels are larger than 20 dB.
B. SIGNAL TRANSMISSION EXPERIMENT
In subsection A, the isolation between two OAM mode channels is measured. Then, the signal transmission experiment using the two-OAM-mode antenna systems is presented. Signals are modulated by FBMC (Filter Bank Multicarrier) and realized on a USRP RIO software defined radio (SDR) platform [34] .
As shown in Fig. 9(a) , two proposed antenna systems are placed face to face in the signal transmission experiment. Modulated signal 1 and signal 2 are transmitted by OAM mode 1 channel and OAM mode 2 channel. According to the isolation between different OAM channels, the receiving antenna can distinguish the transmitted signals by itself. Thus, two transmitted signals will not influence each other. The signal transmission experiment based on two-OAM-mode antenna systems is displayed in Fig. 9(b) . In the transmitting terminal, two input ports of the transmitting antenna are connected with transmitting ports of USRP RIO. In the receiving terminal, two ports of the receiving antenna are connected with receiving ports of USRP RIO. The transmitted signals are modulated by FBMC at 2.3 GHz with 20 MHz bandwidth. Two OAM channels are both used to transmit video signals.
The received constellation diagrams are shown in Fig. 10 . The constellation diagram in Fig. 10(a) represents the signal, which is transmitted through OAM mode 1 channel, received by the receiving antenna with no crosstalk of OAM mode 2 channel. The constellation diagram in Fig. 10(b) shows the received signal transmitted through OAM mode 1 channel but with the crosstalk of OAM mode 2 channel. It can be seen that two constellations are slightly different but the interference will not affect the video signal transmission. The same situation can be observed in signal transmission through OAM mode 2 channel. Both constellations with crosstalk or not are effective in video signal transmission. The results of video signal transmission are shown in Fig. 11 . It can be seen that two transmitted signals are received successfully. This experiment demonstrates that two OAM mode channels can work well together. The results of the proposed antenna system in signal transmission show that the two-OAM-mode antenna system has the potential to improve the channel capacity. 
V. CONCLUSION
In this paper, a two-OAM-mode antenna system, which works at 2.4 GHz, is presented. The measurement results of reflection coefficients, phase distributions and radiation patterns demonstrate the effectiveness of the antenna system in generating OAM mode 1 and OAM mode 2. And the signal transmission experiment verifies that the antenna system can transmit two signals at the same frequency band simultaneously. The proposed antenna system in this paper has the potential to improve the channel capacity in wireless communication systems. Besides, more OAM modes are easy to integrate by this kind of antenna system. Much more work need to be done in the future. 
